ABSTRACT: We report a quasi-classical trajectory study of the S + HO 2 reaction using a previously reported global potential energy surface for the ground electronic state of HSO 2 . Zeropoint energy leakage is approximately accounted for by using the vibrational energy quantum mechanical threshold method. Calculations are carried out both for specific ro-vibrational states of the reactants and thermalized ones, with rate constants being reported as a function of temperature. The results suggest that the title reaction is capture type, with OH and SO showing as the most favorable products. The internal energy distribution of such products and the reaction mechanism are also investigated. C 2008 Wiley Periodicals, Inc. Int J Chem Kinet 40: [533][534][535][536][537][538][539][540] 2008 
INTRODUCTION
Sulfur is an important element when studying atmospheric chemistry [1] . In turn, the mercapto radical (HS) has been observed in interstellar space [2] , whereas sulfur compounds are also known to play an important role in combustion chemistry [3] . However, owing to the large number of electrons involved, high-level theoretical studies involving sulfur atoms are somewhat limited due to being computationally too expensive. In previous works of this series [4, 5] , we have reported full dynamics studies involving the title sulfur-containing species by using a global double many-body expansion (DMBE [6, 7] ) potential energy surface reported elsewhere [8] . All these studies have employed the quasi-classical trajectory (QCT) method, a technique that will be also adopted in the current study. In fact, the good agreement previously achieved when comparing our predictions with available experimental results suggests that both the HSO 2 DMBE potential energy surface and the dynamics approach should be reliable for our purposes in this work.
Although the title reaction should play a role whenever sulfur atoms (the ground electronic state of atomic sulfur is implied heretofore) are present in the atmosphere, no dynamics study of it has yet been reported in the open literature. Our aim in the present work is to extend the series of previous studies to the reaction S + HO 2 → products (1) by using QCT and the above-mentioned DMBE potential energy surface. Thus, we will ignore both quantum effects (except for those related with the reactant triatomic molecule whose initial state is mimicked as closely as possible) and nonadiabaticity. Given the large masses of the reactant species and the fact that the ground ( 3 P ) and first-excited ( 1 D) electronic states are separated by more than 25 kcal mol −1 [9] , we can hardly judge such effects to have any crucial role for the rate constant calculations carried out in the present work. The paper is organized as follows. The next section reviews the potential energy surface, whereas the utilized computational methods are described in the following section. The results will be presented and discussed in the penultimate section, and the major conclusions gathered in the last section.
POTENTIAL ENERGY SURFACE
All calculations here performed have employed our six-dimensional DMBE potential energy surface pub- lished elsewhere [8] for the electronic ground state of HSO 2 . It employs previously reported forms of the same type for the diatomic and triatomic fragments ( [8] and references therein), and four-body energy terms that were parameterized to mimic CASPT2/FVCAS/AVXZ (X = D, T ) calculations for the tetratomic system. In this section, we illustrate its major features that are of interest for the title reaction. Figure 1 displays the minimum energy path (MEP) for the formation of OH + SO from S + HO 2 , whereas Fig. 2 represents the MEP for HOS formation. Other products are allowed for such reactants but the illustrated here are the most favorable ones. According to energetics of the surface (see Table 1 and Fig. 11 that must be removed from the moiety such as to allow stabilization and avoid decaying into other species. To our knowledge, no evidence has yet been reported about its existence.
COMPUTATIONAL PROCEDURES
To run the trajectories, we have utilized an adapted version of the VENUS [10] code, which accommodates the HSO 2 DMBE potential energy surface [8] . The step size used for the numerical integrations was 2.5 × 10 −16 s, warranting a conservation of the total energy to better than 2 parts in 10 4 . Two types of calculations have been carried out. First, we have run trajectories for fixed ro-vibrational combinations of the reactants (HO 2 ) such as to provide a detailed understanding of the reaction mechanism. Then, thermalized calculations have been performed to directly assert the rate constant.
The calculations for specific ro-vibrational states have been carried out for translational energies over the range 0.2 ≤ E tr /kcal mol −1 ≤ 10.0, with the hydroperoxyl radical kept in its ground vibrational state [11] (v 1 = 0, v 2 = 0, v 3 = 0), and the rotational energy for each principal axis fixed at RT /2 with T = 300 K. Following the usual practice, batches of 100 trajectories per collisional energy have been run to determine the maximum impact parameter (b max ) that leads to reaction. For a given translational energy, reactive cross sections were then calculated from σ r = πb 2 max P r and the associated 68% uncertainties
2 , where N r is the number of reactive trajectories in a total of N T , P r = N r /N T is the reactive probability, and b max is the maximum impact parameter.
From the reactive cross section assuming a Maxwell-Boltzmann distribution over the translational energy (E tr ), the specific thermal rate coefficient is * Energies in this paragraph do not include the zero-point energy (ZPE). obtained as
where T is the temperature, k B is the Boltzmann constant, μ the reactants reduced mass, and
accounts in the usual way [12, 13] for the electronic degeneracies of the reactants [S( 3 P) + HO 2 ( 2 A )] and the fact that the DMBE potential energy surface refers to a doublet. The atomic levels of sulfur have been taken from the NIST database [14] .
We now address the problem of ZPE leakage, which is well known in QCT theory. Both "active" and "nonactive" methods have been suggested ( [15] and references therein) to account for it in an approximate manner. In the nonactive methods such as the one [16] here utilized, trajectories leading to aphysical products (with vibrational/internal energies below a given threshold) are thrown out and eventually replaced [17] by running novel trajectories. The perturbed statistics may then be corrected a posteriori [18] . Thus, no trajectory calculations, besides those run in the traditional QCT method, are required. Specifically, in VEQMT C [16] we consider as physical only the outcomes where the total vibrational energy is larger than the sum of their ZPEs [16] , an approach that has also been employed in previous work [4] . Clearly, VEQMT C [16] and other similar methods (including active ones [15] where a constraint is introduced to prevent the trajectories from entering the region of phase space that allows vibrational modes to have less than its ZPE) will not be free from ambiguity, an issue that will not be addressed any further in the present work. Suffice it to say that accounting for ZPE tends to enhance reactivity for the title reaction (see later).
The second series of calculations refers to thermalized ones. The collisional energy is then selected from a Maxwell-Boltzmann distribution by using the cumulative function:
where E tr is chosen randomly for each trajectory by solving the equation G(E tr ) − ξ = 0, where ξ (0 ≤ ξ ≤ 1) is a random number. In turn, as in [5] , the vibrational quantum numbers v = v 1 , v 2 , v 3 of the HO 2 were sampled by using the cumulative distribution function
where P (n) has been chosen to be the Boltzmann distribution. With the dependence of the vibrational energy (E v ) on the quantum number of HO 2 being reported elsewhere [19] , the specification of the initial internal energy is completed by specifying a standard thermal distribution for the rotational energy [10] (for this, we considered the reactants triatom as a symmetric top). After optimizing the maximum impact parameter as described above, the thermalized rate constant is calculated from
where all symbols have the meaning assigned in preceding paragraphs. Similarly, the associated uncertainty has been calculated using an analogue of the expression used above for the cross section. For production, batches of 5000 trajectories were judged sufficient for the thermalized calculations (at T = 300, 1000, and 1500 K), whereas batches of 2000 trajectories were run at each translational energy for specific calculations.
The procedure used to assign the reaction products is the same as in previous studies [20] . Although there are 14 possible channels in an atom + triatom collisional process (the various isomers of a given species are assumed indistinguishable), we note that according to the energetics of the potential energy surface [8] there is no direct connection between the reactants and the HSO + O channel. This issue has been checked in detail by running two batches of 100 trajectories for specific calculations at translational energies of 0.2 and 10.0 kcal mol −1 . In both cases, formation of HSO has not been observed, with HOS being formed instead. Note that HOS refers to a structure with a central oxygen atom bonded to sulfur and hydrogen. This isomer differs therefore from HSO in that the central atom in the latter is sulfur: such a structure corresponds to the global minimum [21] , with an energy difference of 0.9 kcal mol −1 separating those two species. Accordingly, we have modified the assignment of channels 5 and 6 used in our previous work [4] such as to identify the corresponding HOS + O ones. Table I collects the results of the specific calculations, both of pure QCT and VEQMT C types. All symbols have the meaning assigned above, with N T indicating the total number of trajectories run in each method, and N r = x N x r the total number of reactive ones. Headings of other columns specify the number of reactive trajectories for the corresponding x products. As seen, the OH and SO products are by far the most formed ones, followed by HOS and O in a 5:1 ratio. For completeness, we also show SO 2 formation, even if it is an almost negligible process.
RESULTS AND DISCUSSION
The results for thermalized calculations are similarly presented in Table II . There, the total number of trajectories for QCT is reported to recall that some of the 5000 trajectories run did not converge, i.e., have not led to any of the possible products after 4 × 10 5 iterations. This has also occurred in previous work [4] , when some of the trajectories were captured into the deep well associated with the HOSO species and persisted there until a prespecified maximum number of iterations were reached.
When the VEQMT C criterion is utilized, a considerable number of nonreactive trajectories is disregarded, leading to an increase of the reactive probability with respect to QCT. This may be explained as due to the relatively high value of the ZPE in HO 2 . In fact, during the collisional process, the vibrational energy of the HO 2 is partially transferred to translation of the system and therefore many of the nonreactive HO 2 molecules will be left behind with a vibrational energy below its starting ZPE value. The ro-vibrational distributions of the OH and SO products are shown in Fig. 3 . The left-hand-side and central panels refer to the results of specific calculations for translational energies of E tr = 0.2 and E tr = 10.0 kcal mol −1 . In turn, the right-hand-side panels show the results obtained for the thermalized calculations at T = 300 K. Note that the bottom plots refer to rotational distributions, whereas the upper ones are for the vibrational populations. The notable feature from this figure is, perhaps, the fact that a high rotational energy content is deposited in the newly formed SO. This has been rationalized from a detailed study of the atomic rearrangements along reactive trajectories. To produce OH and SO, we first observe that the sulfur atom attacks the terminal oxygen atom in HO 2 . Once the sulfur atoms gets attached to the oxygen one, they start to describe a rotation-like motion around the axis defined by the OH bond. Such a process corresponds to falling into the minimum of the energy path illustrated Figure 3 Ro-vibrational distributions of the OH and SO products. Left-hand-side and central panels show quantum number populations for specific calculations at E tr = 0.2 and 10 kcal mol −1 , respectively. Panels on the right-hand side stand for thermalized calculations at T = 300 K.
in Fig. 1 . As the SO bond gets shorter and the two oxygen atoms get separated, the sulfur atom maintains this revolving motion with the SO pair separating away with a relatively high content of rotational excitation. Meanwhile, the OH bond remains almost as a spectator, keeping its ro-vibrational distribution as originally was in HO 2 . Similar results have been observed for the reaction O + HO 2 when O 2 is formed [22] with a high rotational temperature.
For the thermalized calculations at T = 1500 K, part of the vibrational energy is initially deposited into the OH vibrational mode, with this bond showing no longer a spectator behavior. As a result, the HS + O 2 channel opens: six trajectories in a total of 4996. Such a process occurs via an isomerization of HOO into H · · · OO (see Table 5 of [8] ) and continues with the capture of the quasi-free hydrogen atom by the sulfur one. As expected from this analysis, the H + S + O 2 products are also obtained under such conditions, with almost three times more occurrences (17 trajectories) than the diatom-diatom process referred to above. Of course, both processes are statistically negligible when compared with formation of OH + SO (493 trajectories). Figure 4 shows the predicted excitation functions for the specific calculations. Total reactive and OH + SO formation cross sections are displayed. In turn, the insert shows the corresponding reactive cross section for H + SO 2 formation. As already noted in previous paragraphs, the QCT results are smaller than the VEQMT C ones, as the latter lead to a higher reactivity. According to the above results and the shape of the potential energy surface (a representative view is the minimum energy paths shown in Figs. 1 and 2) , the title reaction is largely controlled by long-range interactions, mainly associated with the permanent electric quadrupole of sulfur and the multipoles of HO 2 . Thus, the total reactive cross section and corresponding results for specific channel may be approximated by means of the capture cross section [23] σ (E tr ) = nπ (n − 2)
where C n and n are coefficients to be fitted. The calculated values are shown in Fig. 4 , with the lines indicating the best fits obtained using Eq. (7). For QCT, n = 3.432 and C n = 6.083, while n = 2.805 and C n = 20.977 for the VEQMT C results. Note that the dominant long-range energies arise from the permanent electric quadrupole moment of the S atom and the electric permanent dipole and quadrupole moments of HO 2 . Thus, one would formally expect a V ∼ R −n dependence. However, owing to dispersion (from twoand three-body terms) as well as other attractive forces of short-range type, such a dependence turns out to be somewhat stronger as indicated above.
By substituting Eq. (7) in Eq. (2) and performing the integration, one gets the following analytical expression for the specific rate constant as a function of temperature:
where (. . .) is the gamma function. Since OH + SO have already been identified to be the main products, only the rate constants accounting for its formation will be presented. In fact, other products have rate constants a few orders of magnitude smaller (k others k OH+SO ), with the total rate coefficient differing therefore very little from the one for OH + SO formation. Figure 5 shows the specific QCT and VEQMT C rate constants calculated in the present work. As expected from the corresponding cross sections in Fig. 4 , the VEQMT C curves lie above the QCT ones. The interval defined by the former curves is light shadowed, with the expected value of k(T ) resulting from them being expected to lie somewhere between the upper and lower limits so defined. The dark-shadowed region identifies the corresponding results for the thermalized calculations, according to Eq. (6) and Table II . Open circles and dots denote the actually calculated values, whereas the solid line stands for the QCT results as fitted to the Arrhenius-type form k(T ) = AT n exp(−mT ), and the dashed line to the corresponding fit for the VEQMT C results. Note that the temperature dependence is similar for both calculations. However, the thermalized rate constants are in average five times larger than the specific ones, with the discrepancy becoming more significant as the temperature rises. As noted above, this is due to the inclusion of vibrational excitation on the thermalized reactants, thus leading to an increase in the reactivity. Because the rotational and vibrational energy of the reactants is properly sampled according to the temperature in the thermalized calculations, our recommended values lie inside the darker region.
Finally, we note that the rate constant obtained in this work for the reaction S + HO 2 → OH + O 2 is k(T ) = 9.4 × 10 −11 cm 3 s −1 at T = 300 K, a value quite similar to the one reported [22] 
CONCLUSIONS
The S + HO 2 reaction has been studied using two variants of the QCT method. To the best of our knowledge, this is the first study of the dynamics and kinetics of such a reaction. The process has been shown to be dominated by long-range forces, thus manifesting a capture-type behavior. OH + SO has been predicted to be the most formed products channel, although SO 2 and HOS were also formed but with significantly smaller occurrences. Formation of HSO has not been observed. When ZPE leakage is accounted for by the VEQMT C method, reactivity is favored leading to reactive rate constants larger than in the pure QCT calculations. Calculations using both reactants prepared in specific ro-vibrational states and thermalized ones have been carried out, with larger values of the rate constant predicted for the latter. This is attributed to the fact that vibrationally excited reactants are allowed to occur when preparing the reactants initial states. In both calculations, the formed SO is predicted to be vibrationally hot, similarly to what has been observed [22] for the reaction O + HO 2 → OH + O 2 . The calculated rate coefficient is predicted to assume a nearly constant value of k(T ) = 9.4 × 10 −11 cm 3 s −1 for temperatures in the range of T = 200-1600 K.
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